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ABSTRACT 

Context. We present high-precision time-series photometry of the classical 6 Scuti star HD 144277 obtained with the MOST 
(Microvariability and Oscillations of STars) satellite in two consecutive years. The observed regular frequency patterns are inves- 
tigated asteroseismologically. 

Aims. HD 144277 is a hot A-type star that is located on the blue border of the classical instability strip. While we mostly observe 
low radial order modes in classical S Scuti stars, HD 144277 presents a different case. Its high observed frequencies, i.e., between 
59.9 d"' (693.9 yuHz) and 71.1 d"' (822.8 yuHz), suggest higher radial orders. We examine the progression of the regular frequency 
spacings from the low radial order to the asymptotic frequency region. 

Methods. Frequency analysis was performed using Period04 and SigSpec. The results from the MOST observing runs in 2009 and 
2010 were compared to each other. The resulting frequencies were submitted to asteroseismic analysis. 

Results. HD 144277 was discovered to be a 5 Scuti star using the time-series photometry observed by the MOST satellite. Twelve 
independent pulsation frequencies lying in four distinct groups were identified. Two additional frequencies were found to be combi- 
nation frequencies. The typical spacing of 3.6 d"' corresponds to the spacing between subsequent radial and dipole modes, therefore 
the spacing between radial modes is twice this value, 7.2 d"' . Based on the assumption of slow rotation, we find evidence that the two 
radial modes are the sixth and seventh overtones, and the frequency with the highest amplitude can be identified as a dipole mode. 
Conclusions. The models required to fit the observed instability range need slightly less metallicity and a moderate enhancement of 
the helium abundance compared to the standard chemical composition. Our asteroseismic models suggest that HD 144277 is a ^ Scuti 
star close to the ZAMS with a mass of 1.66 M© . 

Key words, stars; variables: d Set - stars: oscillations - stars: individual: HD 144277 - techniques: photometric 



^ ' 1. Introduction recognition of regular frequency patterns in the power spectra 

becomes an important additional tool. 

The extensive photometric campaigns of 6 Scuti stars are pro- 

ducing important information on the values and amplitudes of Statistical analyses of the frequency spacings of 6 Scuti stars 

9^. ; the excited pulsation frequencies. However, mode identifications ^how that in many stars the photometrically observed frequen- 

are required for unique theoretical modeling. These mode iden- cluster around the frequencies of the radial modes over 

tifications can be obtained from spectroscopic line-profile vari- "^^"y radial orders (Breger, Lenz & Pamyatnykh 2009). The ob- 

ations, as well as from photometric color information from the served regularities can be partly explained by modes trapped in 

light curves. However, these techniques usually can only be ap- *e stellar envelope. In particular, the low-order £ = 1 modes 

plied to a few of the detected frequencies. Consequently, the have frequencies close to those of the radial modes. We call this 

the low-order spacing, which means that the nearly regular fre- 

quency patterns correspond to successive radial orders, which 

Send offprint requests to: K. Zwintz, can then be used to infer the stellar log g values (Breger, Lenz & 

e-mail: konstanze . zwintzOunivie . ac . at Pamyatnykh 2008) 

* Based on data from the MOST satellite, a Canadian Space 

Agency mission, jointly operated by Microsatellite Systems Canada This contrasts with the asymptotic case, where the ^ = 1 fre- 

Inc. (MSCI), formerly part of Dynacon, Inc., the University of Toronto quencies are found nearly halfway between successive radial or- 

Institute for Aerospace Studies, and the University of British Columbia ders of the radial and { = 2 modes. In the asymptotic case, suc- 

with the assistance of the University of Vienna. cessive frequencies (and frequency clusters) correspond to alter- 
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nating £ values. The observed regularities differ from the low- 
order situation by a factor of two. 

We note here that regular frequency spacings can also be 
caused by combination modes. In extreme cases the combina- 
tion modes cover the whole frequency range from the low-order 
frequencies up to the asymptotic frequency range. An impressive 
example of such a star is KIC 9700322 (Breger et al. 2011) mea- 
sured by the Kepler satellite. However, close inspection of the 
frequency patterns can uniquely identify the combination modes. 
We do that in this paper 

A consequence of the different behavior between the low- 
order and asymptotic cases is that the photometrically detectable 
frequency spacings differ by a factor two. The 'wandering' of 
the { = I modes is illustrated in Figure [T] which was computed 
from a nonrotating ZAMS model of 1.8 Mq The corresponding 
diagrams using observations are not yet available because for 6 
Scuti stars, { - I mode identifications are available only for low- 
order modes. 



following values from these measurements: b - y 
nil =0.186 mag and ci = 0.985 mag. This 
HD 144277 is a hot A star. 



2. MOST observations 
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Fig. 1. Theoretically computed frequencies of = 0, 1, and 2 
modes as a function of radial order At low order, the i - I 
modes have frequencies near those of radial modes. As the ra- 
dial order increases, the £ = 1 modes move towards positions 
approximately halfway between successive orders of the £ - Q, 
2 modes (asymptotic relation). This explains the frequency reg- 
ularities seen in many 6 Scuti stars, which seemingly are at odds 
with the asymptotic relation by a factor up to 2. 



To observationally examine the progression (doubling) of 
the regular frequency spacings from the low-radial order to the 
asymptotic frequency region, it is necessary to look at stars pul- 
sating in high orders close to the asymptotic case. Such stars 
can be found near the hot border of the 6 Scuti instability strip 
(Pamyatnykh 2000), which was already suspected thirty years 
ago. HD 144277 is such a candidate. 

Very little is known about HD 144277 (V = 7.88 mag) in the 
literature. It has a spectral type of Al V with a respective effective 
temperature of 9230 K (both taken from the Tycho-2 Spectral 
Type Catalog; Wright et al. 12003]) and a parallax of 7.00+5.59 
mas (Kharchenko et al. l2009] l. 

To confirm the location near the blue border of the clas- 
sical instability strip, Stromgren colors for HD 144277 were 
obtained with the South African Astronomical Observatory 
(SAAO) 50cm telescope on 2010 February 1. We derived the 



The MOST space telescope (Walker et al. l2003T l orbits the Earth 
in its polar Sun-synchronous circular orbit at an altitude of 
820km with a period of 101.413minutes. Since its launch on 
30 June 2003, the satellite has observed numerous objects with 
its 15-cm Rumak-Maksutov telescope which feeds a CCD pho- 
tometer through a single, custom broadband filter (wavelength 
range from 350 to 750 nm). 

MOST can provide three types of photometric data simulta- 
neously for different targets in its field of view. Data obtained 
in Fabry Imaging Mode are generated by a projection of the en- 
trance pupil of the telescope - illuminated by a bright {V < 6 
mag) target star - onto the Science CCD by a Fabry microlens 
(see Reegen et al. 2006 for details). Direct Imaging is used for 
stars in the open area of the CCD that is not covered by the Fabry 
microlens-array field-stop mask. It resembles conventional CCD 
photometry where photometry is obtained from defocussed im- 
ages of stars. Although originally not intended for scientific pur- 
poses, the MOST Guide Stars used for the Attitude Control 
System (ACS) provide highly accurate photometry, which has 
been frequently used in the past (e.g., Zwintz et al. 120091 ). 

HD 144277 was observed in Guide Star photometry mode. It 
lies slightly outside the MOST continuous viewing zone, which 
means it can be observed only for a part of each 101 -min orbit. 

MOST observed HD 144277 from 2009 April 18 to 30 for 
12.03 days with a duty cycle of 39% and from 2010 May 3 to 25 
for 21.48 days with a duty cycle of 41%. (The duty cycle rep- 
resents the fraction of each 101 -min orbit covered by the data; 
there are no long gaps in the time-series.) In both years onboard 
exposures were 1 s long (to satisfy the cadence of guide star ACS 
operations). In 2009, 61 consecutive exposures were "stacked" 
onboard to produce integrations 61s long, while in 2010 the in- 
tegration times were 30 s as 30 consecutive images were used. 

The respective light curves from 2009 and 2010, together 
with a zoom into the 2010 data, are shown in Figure [S] Using 
the data from the MOST space telescope the 6 Scuti nature of 
HD 144277 was discovered. 



3. Data reduction and frequency analysis 

The data for HD 144277 were obtained in MOST Guide Star 
photometry mode. For this type of data, a special reduction 
method was developed (see Hareter et al. 120081 for details), 
which uses a similar approach as for targets observed in Fabry 
Imaging Mode (Reegen et al. 120061 ). i.e., resolving linear cor- 
relations between the intensity of target and background pixels. 
Since MOST Guide Star photometry does not provide informa- 
tion on the intensity of the background, the coiTelations between 
constant and variable stars are used instead. In a first step, the 
MOST Guide Stars are classified into variable and constant ob- 
jects by a quick-look analysis. The data of all selected intrinsi- 
cally constant objects are then combined to a comparison light 
curve. 

Stray light effects are coiTected by subtraction of linear cor- 
relations between target and comparison time-series. It is self- 
evident that comparison time-series are assumed and required to 
contain no variable stellar signal. If one of the stars used for the 
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Fig. 2. MOST time-series photometry of HD 144277: 2009 ob- 
servations (top panel) and 2010 observations (middle panel) to 
the same scale. A zoom into the 2010 light curve shows the pul- 
sational variability (bottom panel). 

comparison light curve turns out to be variable (even at low am- 
plitude levels) in a later stage of the analysis, the complete reduc- 
tion has to be repeated omitting the variable star. After the Guide 
Star photometry reduction, the 2009 light curve of HD 144277 
contains 6366 data points, the 2010 light curve has 23061 data 
points corresponding to Nyquist frequencies of 705 d ' and 
1411 d respectively. 

Frequency analysis was conducted using the Period04 soft- 
ware (Lenz & Breger 2005) where Fourier and least-squares 
algorithms are combined. SigSpec (Reegen [20071 1 was used to 
verify the results. A signal was considered to be significant if 
its amplitude signal-to-noise (S/N) value was to be larger than 
4.0 (Breger et al. 1993 Kuschnig et al. 119971 ). and the SigSpec 
significance was higher than the respective threshold (Reegen 
I2007I I. which is computed as 



siglimit — sig + log(A'/2) 



(1) 



where siglimit is the threshold for the significances, sig is the 
significance of a given peak, and K the number of data points. 
For the 2009 MOST data set the threshold siglimit accounts to 
8.96 and for the 2010 data set it is 9.52. The amplitude spec- 
tra for both data sets (2009 pointed upwards and 2010 pointed 
downwards) are shown in Figure [3] including a zoom in the re- 
gion where the pulsation frequencies were discovered. 

The analysis with Period04 yielded 28 formally significant 
frequencies with S/N values higher than 4.0 for the data set 
from 2009 and 33 for the 2010 light curve both calculated 
from to 200 d Applying the significance thresholds given 
above, SigSpec finds 43 formally significant frequencies for the 
2009 data and 51 peaks for the 2010 data. All formally signif- 
icant frequencies were then checked against instrumental fre- 
quencies related to the orbit of the satellite, its harmonics and 
1 d 'sidelobes within the frequency resolution (computed ac- 
cording to Kallinger et al. 120081) . All peaks related to instru- 
mental frequencies were discarded in the analysis. In total, 1 1 
peaks were attributed to pulsation in the data set from 2009. All 
of them were confirmed by the 2010 data set, and an additional 
three were discovered due to the longer time-series, hence lower 
noise level. The respective pulsation frequency spectra are plot- 
ted in the top panel of Figure H) Although the frequency errors 
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Fig. 3. AmpUtude spectra of HD 144277 from 2009 (pointed 
upwards) and 2010 (pointed downwards); top panel: complete 
spectra from to 200 d"' where the respective spectral windows 
are given as insets; bottom panel: zoom into the region from 58 
to 73 d 'where the associated multiple of the MOST orbital fre- 
quency is shown as dashed line and the 1 d 'sidelobes as dotted 
lines. 



are also indicated, they are mostly smaller than the respective 
thickness of the lines. 

Table [T]lists the pulsation frequencies identified in the 2009 
and 2010 data with their respective last digit errors given in 
parenthesis computed according to Kallinger et al. (I2008!) . The 
numbering is given according to increasing frequency values. 
Thanks to the longer observations, the accuracy of the 2010 
data is higher and allows detecting additional frequencies at 
lower amplitudes. Frequency F13 at 131.03 d 'and F14 at 
138.36 d^'are combination frequencies within the given uncer- 
tainties. A closer look at the frequencies around 63.7 d^'shows 
that in the 2009 data only two frequencies could be resolved in 
this group (B), i.e., F4 and F7. But with the longer time-series 
from 2010 it is shown that in fact this is a frequency quadruplet 
(see Figure|4|i. 

From Figures [3] and H) it is evident that there are four dis- 
tinctive groups of frequencies with nearly equidistant spacing 
(marked A to D in Table [TJ. A histogram of all observed fre- 
quency differences (see Figure |5]) shows that the spacing be- 
tween the frequency groups is 3.6 d^'(or 41.67/iHz). This is 
not a typical phenomenon for classical 6 Scuti stars. But Breger, 
Lenz & Pamyatnykh ( 2009 ) report such regularities in the 5 Scuti 
stars 44 Tau, FG Vir, and BL Cam. The pulsation frequencies 
of these three objects lie at much lower values than those of 



3 



K. Zwintz et al.: Regular frequency patterns in the classical 6 Scuti star HD 144277 observed by the MOST satellite 



HD 144277. Additionally, the stars are cooler than HD 144277 
and seem to be more evolved. Inserting HD 144277's observed 
properties (i.e. a separation of 3.6 d 'and an assumed radial 
mode of 60-70 d ') into the theoretical s - f diagram of Breger, 
Lenz & Pamyatnykh (120091 their Figure 8) already suggests high 
overtone modes that are confirmed by our asteroseismic models. 



5 _ 2009 
4 - 

"bo 

6 2- 
1 - 

•S 0- ], 

3 - ' 
"i- -2 - 



2010 

J L 

60 



62 



^ I I I L_ 

64 66 68 

frequency [c/d] 



70 



1 1 1 1 1 1 1 1 1 1 

_ 2009 


1,1111,1111,1111 


~ 2010 

< < < 1 < < < < 1 . 


. 1 .... 1 .... 1 ... . 



62.5 63 63.5 64 64.5 65 65.5 

frequency [c/d] 

Fig. 4. Pulsation frequencies of HD 144277 where data from 
2009 are pointed upwards and data from 2010 are pointed down- 
wards. Top panel: Pulsation frequency spectra. (Errors in fre- 
quency are not visible because they are as small as the thickness 
of the lines.) Bottom panel: Zoom into the amplitude spectrum 
from 62.5 to 65.5 d Hlustrating the higher frequency resolution 
of the 2010 data and the actual frequency quadruplet around 
63.8 d-i. 



4. Asteroseismic modeling of IHD 144277 

To model the observed frequency spectrum (Figure |4] top 
panel), we used the Warsaw-New Jersey evolutionary code and 
Dziembowski's pulsation code in the same versions as in Lenz et 
al. (.2010) . Our standard models are obtained with OPAL opac- 
ities (Iglesias et al. I1996I I supplemented with low-temperature 
opacities provided by Ferguson et al. (2005). Moreover, we used 
the Asplund et al. (2009) solar element mixture (A09 hereafter) 
with the corresponding solar composition: X=0.74, Z=0.0134. 
A convective core overshooting parameter iiov=0.1 has been 
adopted for all models. The extent of convective overshooting 
from the core, however, has no influence on the purely acoustic 
spectrum detected for HD 144277. Rotation is treated following 
the assumption of conservation of global angular momentum and 
a uniform rotation law. 



20 



15 



10 



3.6 c/d 



7.2 c/d 



2 4 6 

frequency differences [c/d] 



10 



Fig. 5. Histogram of the frequency differences of the observed 
modes computed using the 2010 data set of HD 144277. 



4.1. Interpretation of the observed frequency spacing 

The observed frequencies (Table [TJ are situated between 59 
and 71 d"', with a spacing of 3.6 d"' between the different fre- 
quency groups. Since the radial fundamental mode cannot ex- 
ceed 25 d"', even for 6 Scuti stars close to the ZAMS, we cer- 
tainly observe modes of high radial order. 

The predicted spacing between radial modes for a main se- 
quence star close to the ZAMS and with a typical mass of 1 .8 M© 
is depicted in Figure [1] The figure also shows the spacing be- 
tween the radial modes and the adjacent axisymmetric £ - I 
mode in this purely acoustic spectrum. As can be seen, the dipole 
modes move from a location close to the radial modes to a lo- 
cation midway between radial modes with increasing radial or- 
der In most 6 Scuti stars, we predominantly observe modes of 
low radial orders, where the observed spacing may correspond 
to the spacing of radial modes (see, e.g., Breger et al. 2009j. 
HD 144277 presents a different case. Drawing our attention to 
the higher radial orders, we have to interpret the observed spac- 
ing of 3.6 d 'as the spacing between alternating radial and dipole 
modes, meaning that the radial spacing corresponds to twice this 
value, 7.2 d"', representing the asymptotic instead of the low- 
order case (see Introduction). 

In asteroseismic analyses the stellar rotation rate is a key 
variable. Since the projected rotational velocity of HD 144277 
is not known, the most promising method of determining the 
rotation rate originates in the (potential) pattern of rotationally 
split modes. The observed frequency spectrum only leaves a few 
possibilities: 

(i) rapid rotation and interpretation of the four groups of fre- 
quencies (see Table[T]and Figure|4]i as components of a rotation- 
ally split mode. It has been shown by 2D calculations (Espinosa 
et al. i2004i Burke et al. 201 1) that rapid rotation forces adjacent 
components (m-values) of multiplets to form close frequency 
pairs. For example, an ^ = 2 quintuplet may appear as two 
close frequency pairs and one additional component, i.e., three 
groups. However, in our frequency groups we observe more than 
two components and, moreover, a very symmetric spacing be- 
tween the groups, which is difficult to explain in the framework 
of this hypothesis. Formally, for a star close to the ZAMS a ro- 
tation frequency of 3.6 d ' is still below the critical breakup 

frequency, Vbreakup = l/(27r) ^jGM|R^. For example for a 1.8 M© 
model at the ZAMS the critical breakup frequency is approxi- 
mately 5.2 d"'. 
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Table 1. Pulsation frequencies of HD144277 identified in both data sets (2009 and 2010), amplitudes, significances, amplitude 
signal-to-noise values (S/N), and the respective frequency errors given in parentheses. 



# 2009 data 2010 data 
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59.954(7) 
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A 
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B 


F6 












63.852(2) 


739.03(2) 


2.020 


793.51 


20.5 


B 


F7 


63.890(20) 


739.50(20) 


0.343 


19.73 


5.8 


63.865(7) 


739.18(8) 


0.902 


50.12 


8.2 


B 


F8 


67.271(5) 


778.60(5) 


2.055 


327.10 


12.1 


67.274(2) 


778.63(2) 


2.250 


806.11 


27.8 


C 


F9 


67.503(6) 


781.28(7) 


1.650 


190.00 


23.9 


67.504(3) 


781.30(3) 


1.087 


279.10 


20.5 


C 


FIO 


67.643(3) 


782.90(4) 


5.893 


709.71 


31.0 


67.644(1) 


782.91(1) 


7.616 


2992.07 


52.6 


C 


FU 


70.960(10) 


821.20(20) 


1.875 


29.63 


6.8 


70.930(10) 


821.00(20) 


0.310 


9.82 


6.6 


D 


F12 


71.089(5) 


822.79(6) 


2.432 


243.55 


22.1 


71.091(2) 


822.81(2) 


1.890 


617.41 


23.2 


D 
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1516.60(30) 
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9.46 


3.8 


131.030(20) 1516.60(20) 


0.215 


8.93 


6.2 


F4 + F8 


F14 


138.360(20) 


1601.30(20) 


0.470 


29.16 


11.7 


138.362(5) 


1601.41(6) 


0.516 


80.90 


16.2 


F8 + F12 



(ii) slow rotation and interpretation of the substructure within 
the frequency groups as rotational splitting. This would lead to a 
rotation rate of about 15.0 km s"', 

(iii) other regular patterns in the framework of rapid rotation. 
Recent investigations devoted to examining of acoustic mode 
frequencies in fast rotators by a ray-based asymptotic theory pre- 
dict regular frequency patterns (e.g., Lignieres et al. 2009, 2 0T0l 
and Reese et al. |2009l l. These predicted regularities may serve as 
an additional possibility for interpreting the observed frequency 
spectrum of HD 144277. Moreover, it has been shown by sim- 
ulations based on synthetic frequency spectra (Lignieres et al. 
120101 1 that it is more likely that we find regular patterns in pole- 
on configurations, which in turn would imply that the measured 
V sin i would not necessarily exhibit high values. 

In this paper we restrict our investigation to the case of slow 
rotation, for which our pulsation code is valid. 

4.2. Determination of the location of the radial modes 

Given a presumed radial frequency spacing of 7.2 d there are 
two possibilities where the radial modes can be located, in the 
frequency group at 60 and 67 d"' (hereafter: Hypothesis 1) or in 
the groups at 64 and 71 d ' (hereafter: Hypothesis 2). Since no 
mode identification is available, we rely completely on astero- 
seismic models to choose between these two possibilities. 

We performed an analysis based on a modified form of the 
Petersen diagram (Petersen & J0rgensen ll972k i.e., we plotted 
the predicted radial period ratios against the shorter period and 
compared the resulting tracks with the observations. The obser- 
vational position in this diagram is different for the two hypothe- 
ses mentioned above. In the case of Hypothesis 1, we presume 
that FIO (i.e., the frequency with the highest amplitude) is a ra- 
dial mode and compute its period ratios with the modes in group 
A. In the case of Hypothesis 2, the same is done for F12 (the 
dominant mode in group D) and the frequencies in group B. The 
theoretical period ratios for four models of different masses (1.5, 
1 .8, 2.2, and 2.5 Mq) are given in Figure|6] The empty circles de- 
note the observational position following Hypothesis 1 and the 
filled circles coiTespond to Hypothesis 2. The results in Figure|6] 
confirm the very young evolutionary stage of HD 144277 near 
the ZAMS. Within the given mass range the points derived with 



Hypothesis 2 are in better agreement with the models and in- 
dicate that we observe the sixth and seventh radial overtones. 
Hypothesis 1 leads to a period ratio that is in-between the pre- 
dicted values, which means that the period ratio is not fitted si- 
multaneously with the observed frequencies. 
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Fig. 6. Period ratios of consecutive radial modes vs. the shorter 
periods for four models differing in mass: 1.5 (dashed), 1.8 
(solid), 2.2 (dotted), and 2.5 M© (gray). The radial orders, n, 
of the shorter periods are labeled. The observational eiTors are 
smaller than the symbol size. 

Naturally the significance of this result needs to be checked, 
so, we examined the effect of changing various model parame- 
ters to study their influence on period ratios at high radial orders. 
In particular we varied the mass fraction of metal from the solar 
value Z = 0.0134 to 0.010 and 0.020 respectively, changed the 
hydrogen mass fraction, X, from the solar value 0.74 to 0.70 and 
0.78, varied the equatorial rotation velocity from to 100 kms"' 
(based on a second-order perturbation approach and neglecting 
near-degeneracy effects), and also examined the effect of OPAL 
vs. OP opacities (Seaton 2005). 

The corresponding models are shown in Figure|7]in compar- 
ison with a standard 1.8 Mq model. At high radial orders, the ef- 
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Fig. 7. Same as Fig.|6] but showing the effect of changing X, Z, 
rotation rate, and opacity data (depicted in gray) in comparison 
to a standard 1 .8 Mq model depicted with solid black lines. 



feet of these parameter changes on the period ratio is very small 
close to the ZAMS, and Hypothesis 2 is still clearly preferred. 
In fact, the biggest effect on the high order radial period ratios 
besides mass change would come from near-degeneracy effects 
at fast rotation. However, these effects would be seen as a distur- 
bance of the symmetric spacing in the frequency spectrum. This 
is obviously not observed. Our investigation focuses on the ex- 
planation of the observed frequency spectrum in the case of slow 
rotation, for which near-degeneracy effects would be very small. 
We attempted to fit the observed frequencies and their spacing 
according to Hypothesis 1 taking into account all combined ef- 
fects, but did not succeed in obtaining good agreement within 
the given frequency uncertainties. 

Our results therefore indicate that Hypothesis 2, which as- 
sociates the radial modes with the frequencies at 64 and 71 d"', 
provides good agreement between observations and theory. This 
means that the dominant mode FIO, which is located between 
the two radial overtones, is interpreted as a dipole mode. 

4.3. Detailed fit of tiie observed frequencies and examination 
of mode excitation 

As can be seen in Figure [8] once the radial modes are fitted ac- 
cording to Hypothesis 2, the predicted dipole modes are in good 
agreement with the observed frequencies as well. We also find 
that the observed frequencies F8 (67.27 d^'), F9 (67.50 d^'), and 
FIO (67.64 d ') can be explained as a rotationally split triplet 
if an equatorial rotation rate of approximately 15 kms"' is as- 
sumed. 

However, a nonadiabatic analysis shows that the observed 
pulsation modes are not predicted to be unstable by a model ob- 
tained with solar chemical composition (see Figure |9]l. Instead, 
instability is found at lower frequencies. To find a model that 
exhibits mode excitation in the observed frequency range, we 
conducted a mode instability survey based on a grid of fitted 
models, i.e. models that fit the observed frequencies according 
to Hypothesis 2. These models were obtained by varying differ- 
ent input parameters such as chemical composition and omlt- 
The mass of the model was no input parameter since it results 
from the fit of the theoretical frequencies to their observed coun- 
terparts. 
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Fig. 8. Comparison between observed frequencies and the theo- 
retical frequency spectrum according to Model 2 given in Table 
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It turned out that the main effect on the mode instability of 
the fitted models is changes in He abundance and metallicity, 
while changing the efficiency of envelope convection through 
the mixing length parameter of convection, q-mlt, only has a 
marginal effect on mode instability in the given range of effec- 
tive temperatures. For a subset of models obtained with different 
chemical composition, the frequency ranges of unstable modes 
and the frequency of the low-degree mode with strongest driv- 
ing, T/max, are presented in Table|2l A change in chemical compo- 
sition influences not only mode instability (which is determined 
by the conditions in the envelope) but also fundamental param- 
eters, such as the effective temperature and luminosity (i.e., the 
position in the HR diagram). For solar chemical composition, 
the model is located at the ZAMS, while decreasing metallicity 
or increasing He abundance causes the fitted model gradually to 
become slightly more evolved. This also explains why in some 
cases, i.e., in models with high Z and high X in Table|2l no cor- 
responding fitted model could be found on the main sequence. 

The best agreement between predicted mode instability and 
observations could be achieved by a moderate change in chem- 
ical composition. Decreasing the metallicity from Z = 0.0134 to 
0.010 moves the maximum of the instability parameter, rj, to 
higher frequencies but, at the same time, lowers the maximum 
in T] slightly. A slight increase in the He mass fraction, Y, to 0.29 
increases the amount of driving and provides the best agreement 
between observations and theoretical predictions (see Figure|9]l. 

The differences in opacities and the differential work inte- 
gral between the model obtained with solar chemical composi- 
tion (Model 1 in Table |3]l and the optimum model with X=0.70, 
Z=0.010 (Model 2) are given in more detail in Figure [TO] 
Qualitatively, the behavior of the opacity is similar in both mod- 
els. The main driving occurs in the inner part of the He II ioniza- 
tion zone at log T about 4.6-4.75, where opacity is increasing 
outwards. The outer part of the He II ionization zone, where 
opacity is decreasing outwards, potentially contributes to the 
damping of oscillations. This effect (i.e., negative values of dif- 
ferential work integral at log T around 4.5) can actually be seen 
in Model 1 . In this model the cumulative work integral is neg- 
ative which means that this oscillation mode is damped. For 
Model 2, which is hotter, the outer part of the He II ionization 
zone at log T w 4.5 is located closer to the surface, where the 
thermal time scale is significantly smaller than the period of the 
dominant mode. Therefore the potential damping region tends 
to be in thermal equilibrium (neutral stability). The cumulative 
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Fig. 9. Instability parameter, 77, for { <2 modes in a model with 
solar composition (open symbols. Model 1 in Table |3]l and in 
a model with modified metallicity and helium mass fractions 
(filled symbols. Model 2). 77 > for unstable modes. Vertical 
lines mark the position of observed frequencies. 
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Fig. 10. Rosseland mean opacity, k, thermal time scale, Tth (in 
days) and differential work integral, dW/dlogT (in arbitrary 
units), for the dipole mode at 67.6 d Model 1, in which this 
mode is damped, is shown with a dashed line, and Model 2, in 
which the mode is driven, by a solid line. The horizontal line in 
the middle panel depicts the period of the mode. 



work integral is positive; i.e., the oscillation mode at 67.6 d 'is 
excited. 

The detailed parameters of the best model (Model 2) are 
given in Tableland the comparison between the observed and 
the predicted frequency spectrum is shown in Figure [8] In the 
dipole groups of the predicted frequency spectrum, the thin sub- 
structure can be explained by rotational splitting. The substruc- 
ture around the radial modes can be partly explained by rota- 
tionally split quadrupole modes, whose frequencies are close to 
those of radial modes. However, a detailed modeling of the ob- 
served substructures has not been performed, since this would 
require a better frequency resolution. 

We repeated our nonadiabatic analysis using the older ele- 
ment mixture by Grevesse & Noels (GN93) and had to adopt 
similar changes to the composition to find an optimum fit. 



Table 3. Fundamental parameters of two representative models. 





Model 1 


Model 2 


X 


74 


0.70 


z 


0.0134 


0.010 


Mass [Mq] 


1.576 


1.662 


log Teff 


3.874 


3.941 


log L/Lo 


0.757 


1.04 


R/Ro 


1.428 


1.456 


logg 


4.325 


4.332 


V„, [kms-'] 


15.0 


15.0 



Consequently, these changes in chemical composition and ele- 
ment mixture do not affect the frequencies of the modes in the 
fitted models much, but are important in modeling the outer en- 
velope, where the mode instability is determined. 

5. Summary 

MOST high-precision time-series photometry was obtained for 
HD 144277 in 2009 and 2010, and its 6 Scuti nature was dis- 
covered by MOST. The pulsation frequencies of HD 144277 lie 
between about 59.9 and 71.1 d^'with amplitudes at the milli- 
magnitude level. Four equidistant groups of frequencies were 
identified with spacings of about 3.6 d ' . 

The observed high frequencies in this hot A star indicate that 
we are in the asymptotic region of the frequency spectrum. The 
spacings of 3.6 d"' therefore correspond to the spacing between 
subsequent radial and dipole modes. With a resulting radial spac- 
ing of 7.2 d"' between radial modes, HD 144277 represents a 
6 Scuti star close to the ZAMS. 

Despite the lack of reliable fundamental parameters, e.g. no 
measured v sin i value, we attempted an asteroseismic interpreta- 
tion of the observed pulsation spectrum. As discussed in section 
4.1, rapid rotation cannot be ruled out for this star and it may 
be worthwhile examining it. In this paper, however, we restrict 
ourselves to interpreting the spectrum in the framework of slow 
rotation for which our codes are valid. A high-resolution spec- 
trum for HD 144277 will be obtained in the near future for more 
observational and theoretical analyses. 

We conducted an asteroseismic analysis of radial period ra- 
tios to identify the spherical degree of the dominant peaks in the 
spectrum. We found evidence that two radial modes, the sixth 
and seventh overtones could be assigned to frequency group B 
at 63 d 'and group D at 70 d '. The mode with the highest am- 
plitude, FIO at 67.6 d ', would then be identified as a dipole 
mode. Together with the nearby modes F9 (67.50 d ') and Fll 
(70.96 d"'), it forms a substructure that we interpret as rotational 
splitting. The derived equatorial rotational velocity amounts to 
15 kms-'. 

In the case of models obtained with standard chemical com- 
position, mode instability is incorrectly reproduced; instead, a 
reduction in metallicity (from Z = 0.0134 to 0.010) and an in- 
crease in helium abundance (from Y = 0.2466 to 0.29) has to 
be adopted to fit the observed instability range. In fact, the re- 
duction of metallicity implies that the observed frequencies are 
fitted by models at higher effective temperature, where higher 
order modes are driven. If the assumption about slow rotation 
holds true, then we are able to test the physical conditions of the 
envelope within the frame of the existing atomic physics data in 
HD 144277. 

Acknowledgements. We ai'e grateful to Gerald Handler, who obtained the 
Stroemgren photometry for HD 144277 for us at the SAAO 50cm telescope. 
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Table 2. Results of a nonadiabatic study to match predicted mode instability with the observed frequencies. 



Opacity 


X 


Z 


Mass [Mq] 


log Teff 


log L/Lo 


Frequency range [ d '] 
with T]> 


Frequency [ d '] 
of w 


OPAL 


0.76 


0.0134 








~ 




OPAL 


0.74 


0.0134 


1.576 


3.874 


0.757 


16.8 - 55.3 


23.3 


OPAL 


0.72 


0.0134 


1.604 


3.894 


0.844 


24.6 - 54.4 


37.8 


OPA T 


u. /u 


U.Ul j4 


I .OZj 






Qo 9 Al n 


JZ. J 


OPAL 


0.68 


0.0134 


1.615 


3.921 


0.951 


42.5 - 68.0 


56.3 


OPAL 


0.65 


0.0134 


1.599 


3.928 


0.979 


45.3 - 72.9 


60.1 


OPAL 


0.74 


0.0160 












OPAL 


0.74 


0.0140 


1.683 


3.897 


0.868 


30.4 - 54.8 


41.8 


OP AT 


n 7zi 
u. 


n n 1 on 

U.UiZU 






U.ooU 


a/1 a <^ 7 
j^.J - DJ. 1 


A^ 1 


OPAL 


0.74 


0.0100 


L698 


3.927 


0.991 




60.0 


OPAL 


0.74 


0.0008 


1.718 


3.945 


1.069 




67.4 


OPAL 


0.70 


0.0160 












OPAL 


0.70 


0.0140 


1.604 


3.903 


0.878 


30.5 - 57.3 


45.2 


OPAL 


0.70 


0.0120 


1.647 


3.925 


0.974 


47.6 - 68.3 


60.1 


OPAL 


0.70 


0.0100 


1.662 


3.941 


1.039 


56.8 - 74.4 


67.4 


OPAL 


0.70 


0.0008 


1.670 


3.956 


1.102 


69.3 - 75.4 


71.2 


OP 


0.74 


0.0134 


1.631 


3.889 


0.827 


21.7 - 54.8 


35.4 


OP 


0.74 


0.010 


1.741 


3.936 


1.034 




63.8 


OP 


0.70 


0.010 


1.695 


3.947 


1.071 


60.8-75.1 


67.4 


OP 


0.70 


0.011 


1.694 


3.941 


1.045 


56.3 - 73.4 


67.4 












observed 


59.9-71.1 


67.6 



Notes. All models fit the four frequency groups following hypothesis 2 and were obtained with the A09 element mixture adopting Vrot=15.0 
km/s. Vrot = 15.0 km s"^ 
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